In this paper, the effect of multi-pass friction stir processing on the mechanical properties of AZ91 alloy has been studied. For the numerical investigation, this process has been simulated with the threedimensional numerical modeling based on the ABAQUS/Explicit. This simulation involves the Johnson-Cook models for defining the material behavior during this intense plastic deformation and investigating the fracture criterion. The tool plunging and stirring phases in the two-pass process has been simulated. To prevent too much distortion of elements during modeling, the Arbitrary Lagrangian-Eulerian technique for automatically re-meshing of distorted elements has been used. The model was calibrated using the experimental results from the previous works. This model can predict the transient temperature distribution and residual stress field during FSP on AZ91. The results show that the maximum temperature in the advancing-side region is more than that in the retreating-side region. In addition, numerical results show that at the end position of the process, the tool during the lift-up leaves the keyhole region in the compressive stress state. The experimental results investigated the effect of multi-pass FSP on the microstructure, microhardness, tensile and creep properties of AZ91 magnesium alloy. The FSP is performed by applying 50% overlapping. The tensile, and creep tests are conducted at several temperatures from 25 to 210 °C. The optical microscopy and scanning electron micrograph (SEM) were used to study the microstructure of the samples after performing multi-pass friction stir processing. The experimental results indicate that on average, the tensile strength, microhardness, and creep strength of the processed samples increased by about 29, 23, and 38 %, respectively compared to the unprocessed ones.
INTRODUCTION
On the importance of this research, Friction Stir Processing improves the tribological, mechanical, and surface properties through the modifying microstructure and graining. Since the invention of the FSP, this process has been the subject of much research. However, the information about the multi-pass process is limited, and few studies have been reported on modeling the Multi-Pass Friction Stir Processing. In recent years, the simulation with sufficient soft wares such as ABAQUS and ANSYS have attracted consideration to identify the material behavior, microstructure evolution, temperature, and stress distribution during this process.
Also, among the magnesium alloys, the AZ family has excellent properties at room temperature. However, the secondary particles with the low melting point on the rough grain boundaries and in the continuous dendritic regions reduce the creep and tensile strength of these alloys at high temperatures (above 120°C).
FSP causes crushing the Mg17Al12 eutectic particles, distributing the particles on the grain boundaries, improving the ductility and modifying the mechanical properties at high temperatures. Also, the casting defects such as crack, cavity, interconnection, non-adhesion between the field and secondary phase particles, which cause stress concentration and the bad time failure, are removed after FSP. Frattini et al.
[ 1 ] , reported the effect of water-cooling on microstructure and strength of 304L stainless steel during FSP.
Their experimental and numerical reports indicate that water cooling increased the strength, and reduced the ductility of the material especially in the thermomechanically affected zone (TMAZ). Cavaliers [ 2 ] stated that after FSP on AZ91, the superplasticity behavior improved. Feng [ 3 ] reported that single-pass FSP increased the tensile strength of AZ91 alloy.
Gandra et al. [ 4 ] , concluded that during the MP-FSP on AZ31, the overlapping with the retreating side created a smoother surface, and the overlapping with the advancing-side region created a more uniform structure. After FSP in both states, the hardness, mechanical properties, and bending strength were improved.
Alavi et al. [ 5 ] , studied the influence of overlapping ratio on graining, ductility, and tensile strength after performing FSP on AZ91. They used rapid cooling to eliminate the negative effect of heat from the next passes.
Heidarpour et al. [ 6 ] , compared the microstructure, and tensile properties of AZ91 after water submerged-FSP, and non-cooled FSP. Their results show that after FSP on AZ91, the rough casting structure converted into coaxial graining, and the lattice Mg17Al12 eutectic phases converted into pin-like particles on the grain boundaries. The structure of cooled-friction stir processed samples was more homogenous than the microstructure of the non-cooled processed samples. The ductility of the samples after submerged-FSP was lower than the ductility of non-cooled processed samples.
Edwin Raja et al. [ 7 ] , used the cylindrical pins with different lengths for performing FSP on AZ91. They studied the effect of the pin appearance on microstructural evolution and tensile properties. Their investigation shows that, with increasing the length of the pin, tensile properties improved, although the erosion and failure of the tool increased. Wang et al. [ 8 ] reported that performing FSP on as-cast AZ31 refined graining, homogenized microstructure, and crushed the secondary phases. Mansoor et al., [ 9 ] , carried out the MPFSP on extruded ZK60 Mg plate for improving the mechanical properties.
Sato et al. [ 10 ] mentioned that MPFSP is a process for improving the mechanical properties of AZ91 casting.
Venkateswarlu et al. [ 11 ] , investigated the effect of overlapping ratio and direction to improve the tensile and ductility of AZ31 alloy. Raja et al. [ 12 ] , mentioned after FSP on AZ91 alloy, the coarse dendrites in α-Mg field refined, the network of secondary particles crushed and distributed uniformly. He also reported that after FSP, tensile and impact properties improved. Xicai et al. [ 13 ] studied the effect of two-pass FSP on AZ61 magnesium alloy to improve the graining, microstructure, and dissolution of the β-phases.
Mamaghani et al., [ 14 ] , studied the effect of nanoparticle types and process parameters on morphological and hardness properties. For this purpose, a slot with given dimensions (the depth and width) was created on the acrylonitrile butadiene styrene (ABS) sheets, and then the three types of nanoparticles "nano clay, nano Fe2O3, and multi-walled carbon nanotube", were added to the slot. Then FSP under different rotational and progressive speeds were performed on the workpieces. In recent years, many researchers used the Coupled Eulerian-Lagrangian method to study the FSW. Also, the Marker Material Method has been used to study the flow of material. The results show that the flow of material in the advancing-side region is more than that in the retreating side [ 35 ] . The insufficient setting of the process parameters during the performing FSW on AA6061 alloy caused the formation of the hook defects [ 36 ] . Some studies used the Coupled Eulerian-Lagrangian model to investigate the effect of process parameters on the formation of defects during the FSW process. Ajri and Shin [ 37 ] used the Coupled Eulerian-Lagrangian formulation based on ABAQUS/Explicit software to identify the effect of process parameters on the defects formation such as the excess flash, tunnel defects, hook defects, and cavities.
The results show that the pin appearance (including height and diameter) and the tool tilt (the angle between the pin and workpiece) are the most effective parameters on eliminating defects. "The material flow and thermal cycle influence the hook defects in the joint interface during the FSW process". Mohammad Ali Ansari et al., [ 38 ] showed that the Coupled Eulerian-Lagrangian technique is a sufficient method to study this process and adjust the optimum process parameters.
In this research, the effect of MPFSP with 50% overlapping on microstructure, microhardness, tensile and creep strength of AZ91 alloy at several temperatures from 25 to 210 °C has been investigated. Also, a threedimensional model was prepared to study the thermal history, stress and, temperature distribution, during
Multi-Pass Friction Stir Processing on AZ91. Using this model, the maximum temperature that affected the dynamic recrystallization condition and process defects formation can be predicted. Also, the effect of process parameters on the thermal history and stress field can be determined using this developed model.
In the future, the numerical study of residual stress after Friction Stir Processing can be compared with empirical results.
MATERIALS and METHODS
The composition of AZ91 alloy used in this paper is given in Table 1 . Two casting plates with dimensions of 600* 300* 10 mm were used as the base plates. The tool was prepared from H13 steel. The tool is shown in Figure 1 . The FSP was performed using the universal milling machine under different conditions (with several tool rotational and progressive speeds) to obtain defect-free samples. The defects such as porosities, cracks, tunnels, grooves, and flashes can be observed during FSP. If FSP is not carried out under appropriate processing conditions, various defects will form in the processed zone (SZ) and the affected zone (HAZ and TMAZ). As shown in Figures 2, and 3 , the defects can be detected using radiography (RT) and penetration tests (PT). Finally, the rotational speed of 1200 rpm and the progressive speed of 60 mm/min were determined as the optimized values for producing defect-free samples.
The OR (the overlapping ratio) which determines the overlapping between two consecutive passes is defined by equation 1. In this equation, d is the tool diameter, and l is the distance between two passes. In this study, the process is performed with 50% overlapping ratio that selected according to the previous works [ 39 ] .
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The workpiece processed with optimum tool rotational speed, and progressive speed is shown in Figure 4 .
Also, after FSP; the microstructure of the stirred zone was non-uniform and dynamically recrystallized grains in the stirred zone-up regions were rougher than the grains in the stirred zone-down regions. The mechanical properties of processed samples are affected by improving the microstructure, dynamic recrystallization, texture changes, and the dislocations density [ 40 ] . Therefore, the hardness in the stirred zone-up regions is more than the hardness in stirred zone-down regions.
The Tensile Test
Tensile specimens were cut according to the ASTM E8 standard [ 41 ] . The samples were cut parallel and perpendicular to the process path as shown in Figure 10 . The tests were performed using the Zwick Roell testing device with the strain rate of 10 −3 s −1 , and at several temperatures (25, 140, 170 , and 210°C). The results from tensile tests under various test conditions for the base metal and the FSPed specimens are given in Figures 11 and 12 . As shown, the yield and ultimate stress of the single-pass and multi-pass processed samples at room temperature and parallel to the process paths increased by about 22 and 29% compared to the base workpieces. Improving the mechanical properties of the processed specimens can be attributed to decreasing the grain size in the processed zone and improving the microstructure after MP-FSP. In similar research on AZ31; Alavi et al. [5] have reported that fine graining in the processed zone during FSP increased the hardness and strength. On the other hand, the recrystallization process reduces the density of dislocations. The competition between reducing the strength caused by decreasing the density of dislocations and increasing the strength caused by reducing the grain size determines the hardness and tensile properties. Therefore, the effect of increasing the strength caused by reducing grain size is more effective. Besides, after FSP, because of the defects removal and crushing the lattice intermetallic phases with low melting point and strength into the soft matrix, the mechanical properties and microstructure improved especially at high temperatures [6] .
Reducing the tensile strength in the perpendicular direction to the process path can be due to the development of firm basal texture in several non-perpendicular directions. A similar experience has been reported by Xiaoyang et al. [46] .
4. The Creep Test
For conducting the impression creep test, the test samples with dimensions of 8 * 8 * 8 mm 3 were prepared.
The details of the creep test are explained by mahmudi et al. [ 42 ] . The creep testing device equipped with a controllable temperature furnace was used to carry out the constant-temperature and load tests with a simple cylindrical indenter having 2 mm diameter.
For the metallic materials, the creep rate in the steady-state stage is defined by the power-law equation.
When impression test is used to determine creep properties, to correlate and validate the results of impression tests, the strain rate calculated using the impression depth/ time slope (Vimp=dh/dt) and equivalent stress defined using the relation between force applied to the punch and diameter of indenter (σimp = 4F/πφ 2 ). Here, F is the load applied to the punch and φ is the indenter diameter. Using these equations and rearranging the power-law equation, the impression creep rate can be characterized by equation 2. Here, by calculating the impression depth/ time slope in the steady-state stage, the effect of the FSP and temperature on the creep rate can be investigated. After loading, the penetration depth of the indenter was measured automatically depending on time, up to 4000s. Figure 13 shows the penetration depth of indenter at different times when the test was performed at three temperatures of 140, 170, and 210°C on base specimens and FSPed specimens. In this study, the creep of the base and processed samples is investigated at several temperatures when the σimp/G~0.034 is constant. The "G (MPa) =18,460-8.2T (K)" is the relation to calculate the shear modulus of the AZ91 magnesium alloy at different temperatures. Figure 13 shows that due to decreasing the impression rate, creep strength of the processed specimens at 210, 170, and 140 °C are more than that of the unprocessed specimens by about 47, 36, and 33%
respectively. As seen in Figure 8 , the microstructure of the casting specimen was unstable due to the eutectic network on the grain boundary. After FSP, the intermetallic Mg17Al12 phases crushed and deformed into smaller particles. As shown in Figure 9 , the size of secondary phases on the grain boundary decreased.
Therefore, the negative effects of the softening of the secondary phases, especially at high temperatures on reducing the strength is decreased.
In similar research, Lua et al. [ 44 ] have also mentioned that the microstructure of AZ91 alloys after FSP is finely equiaxed and the β-Mg17Al12 networks are broken into smaller particles.
NUMERICAL MODELING

Numerical Model Details
In this paper, the assumptions for solving the problem are as follow: (1) the tool and workpiece has been modeled as the 3D deformable materials; (2) the friction coefficient (for investigation the frictional energy)
is independent of temperature and process conditions; (3) the thermal, physical and mechanical properties of the workpiece are temperature dependent; and (4) the free surfaces of the workpiece and the instrument were surrounded by the atmosphere at the ambient temperature. The stages and process timing of the friction stir processing in two passes are shown in table 2.
~42,000 elements. To prevent too much damage the elements during processing, the Arbitrary Lagrangian-Eulerian technique to automatically re-meshing of distorted elements was used.
Arbitrary Lagrangian-Eulerian, Mesh-To-Mesh Solution Mapping and Mass Scaling
The Arbitrary Lagrangian-Eulerian formulation is used to control the mesh distortion in cases with intense deformation. This method utilizes a wide range of approaches for analyzing the processes, from purely Lagrangian analysis, in which the node motion corresponds to material motion, to purely Eulerian analysis, in which the nodes remain fixed in space and material flows through the elements. Typically Arbitrary Lagrangian-Eulerian method uses the combination of these approaches. Also, by scaling the masses, the stable time increment can be increased significantly. Many trials had been made for adjusting the mass scaling and obtaining suitable values for FSW. The mass scale of the target time increment in this paper is 0.0001.
DISCUSSION (The numerical Results)
During Friction Stir Processing, the stirring of the material was obtained through softening, mixing, and forging actions using the rotating tool. To prevent the formation process defects during Friction Stir Processing, it is necessary to produce enough heat. In other words, the essential issue for performing FSP is generation sufficient amount of frictional heat for softening workpiece. The plastic deformation and frictional energy should supply the necessary heat for performing this process. "The frictional energy depends on the friction coefficient, the contact area between the tool and workpiece, the rotational speed and the pressure applied by the tool shoulder" [18, 19] .
In this section, the temperature distribution and thermal history obtained from numerical modeling have been compared with the empirical results of Parviz Asadi. The parameters defined in this model, including dimensions, material properties, the thermal and contact conditions, were the same as Parviz Asadi et al. [47] . To investigate the thermal aspects of this process, it is essential to determine the thermal history of some points and the temperature distribution during Friction Stir Processing. Thermal history was curved for the point that is in the distance 6 mm from the start point. This comparison is shown in Figure 14 and indicates a proper agreement between the experimental measurements and the modeling results. These results are used to investigate the microstructure characterization of the process affected zone.
Also, the temperature contours along the transverse direction are shown in Figure 15 . These contours are presented in the transverse direction after 10 mm tool translation. As shown in Figure 15 , the maximum temperature is 494ºC. Around the pin, the temperature distributes asymmetrically. The maximum temperature in the advancing-side (AS) region is 494ºC, while the maximum temperature in the retreating side (RS) is about 470ºC. The reason for this issue can be explained that the plastic deformation in the advancing-side region is more than that in the retreating side. This observation is reported with other researchers [42, 44] . The dissipating of heat from the workpiece to the backing plate causes the contour with the "V" shape.
As shown in Fig 16, in the longitudinal direction, the maximum temperature observed in the contact region of the edge of the shoulder and the workpiece. In other words, the maximum temperature observed at the workpiece/shoulder interface and behind the pin. The maximum heat generation and heat radiation dissipation occur in this region just behind the shoulder edge. Figure 17 shows the temperature distribution at 15 representative time points 1.5s, 4.5s, 6.3s, 6.4s, 6.6s, 7s, 8.3s, 11.6s, and 13.5s in the first pass and Figure 18 shows the temperature distribution at 2s, 5.3s, 6.6s, 7.3s, 7.8s, and 11s in the second pass. (It is noteworthy that, during the first pass, plunge phase occurs from 0 to 8 s and traverse phase happens from 8 s to 18 s and during the second pass, plunge phase occurs from 19 .64 to 28.64s and traverse phase occurs 28.64to 38.64s). In Figures 17 and 18 , in every cell, the top row picture provides the cross-section view along the progressive path, while the bottom row picture gives the view from the top. As it is seen, when only the pin was in contact with the surface of the specimen, the maximum temperature in the workpiece occurred somewhere adjacent to the edge of the pin bottom surface. After 6.4 seconds, in every pass, the tool shoulder contacts the workpiece; thereafter, the region with maximum temperature moved towards the corner between the pin and shoulder surface. At 7.8s in every pass, the full contact between tool and workpiece was established, in this time, the maximum temperature was in the shoulder-workpiece interface. A high-temperature gradient with "V" shape appeared in the workpiece beneath the tool, demonstrating high heat flux between the interface layer and the workpiece's material outside the shoulder radius.
Also, Fig. 19 shows the residual stress distribution in the longitudinal direction at time points 3s, 13.5s, 17.7s, and 18s in the first pass and 3.1s, 7s, and 11.5 s in the second pass. It is observed that the startposition and end-position of the process have different stress distributions as compared with the midposition of the process. At the end-position of the process, the tool during the lift-up leaves the keyhole region in a compressive stress state, as shown in Fig. 19 . As shown in Figures 17, 18 and 19 , the temperature and stress distributions have an asymmetric shape.
CONCLUSIONS
FSP is a process for improving the microstructure and increasing mechanical properties. Among the magnesium alloys, the AZ family has excellent properties at room temperature. Because of essential specifications like considerable strength to weight ratio, elimination of electromagnetic waves, and vibration damping; AZ91, have attracted attention in different industries like aerospace, military, and shipbuilding.
In this research, the influence of MPFSP with 50% overlapping on tensile strength, microhardness, creep resistance and microstructure of AZ91 magnesium alloy has been investigated. a 3D thermo-mechanical model has been used to study the mechanical effect of the rotating tool during stirring and the thermal influences caused by frictional contact. This model is developed to investigate the effect of FSP on the Mgalloy. The experimental results have been used to validate the proposed model. In this research, the Jonson Cook models have been used for defining the material behavior and the failure criterion. According to the results; the following conclusions could be given:
1. Microhardness values of the processed samples were more than the hardness of the base material. The hardness in the stirred zone-up region is more than that in the stirred zone-down regions.
2. The yield and tensile strength of specimens after processing were more than that of the unprocessed samples by about 29%.
3. Improvement of tensile and creep properties at high temperatures is far more significant than that at room temperature.
4. The creep resistance of FS processed samples was more than that of the unprocessed ones by about 38 %.
Impression creep is a proper and fast method that gives reliable results and equation 2 can define for
characterizing the impression creep.
6. The numerical results investigate that after complete contact with the shoulder and workpiece, the maximum temperature is found at the workpiece/shoulder interface and behind the pin.
7. It was clear that the material behavior models have the significant effect on the results of the simulation.
The determining of constants is essential for precise simulation of the process. In this paper, the material model constants extracted from previous studies.
8. The result shows that the selection of the most suitable material models, constants, heat transfer coefficient, friction coefficient and calibrating the simulation parameters is essential for reliable modeling of the process.
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